The performance of the regional atmosphere-ocean coupled model ROM (REMO-OASIS-MPIOM) is compared with its atmospheric component REMO in simulating the East Asian summer monsoon (EASM) during the time period 1980-2012 with the following results being obtained. (1) The REMO model in the standalone configuration with the prescribed sea surface conditions produces stronger low-level westerlies associated with the South Asian summer monsoon, an eastward shift of the western Pacific subtropical high (WPSH) and a wetter lower troposphere, which jointly lead to moisture pathways characterized by stronger westerlies with convergence eastward to the western North Pacific (WNP). As a consequence, the simulated precipitation in REMO is stronger over the ocean and weaker over the East Asian continent than in the observational datasets.
Introduction
Climate models are considered to be important and valid tools in simulating and understanding climate phenomena (Kumar et al. 2015; Paeth et al. 2015) . A number of state-of-art climate models have been developed, although the computational resources currently available restrict global climate models (GCMs) to performing global climate simulations on a long timescale with a regular grid at a horizontal resolution of about 200 km (Lee and Suh 2000; Ngo-Duc et al. 2017) . GCMs with such a coarse resolution cannot sufficiently resolve regional processes, especially over complex terrains. As a result, regional climate models (RCMs) with improved physics representations and higher grid resolutions have been increasingly applied to detect local climate information (Ludwig et al. 2017; Ge et al. 2019; Zhu et al. 2020) . However, although a large number of modern RCMs have been developed and could be sufficient for many requirements, the feedbacks associated with atmosphere-ocean interactions and local processes with significant impacts on spatial and temporal structures of the regional climate (Wang et al. 2006; Pinto et al. 2014 ) are still poorly, or even not, taken into account in most climate models (Lucas-Picher et al. 2011 ).
The regional climate model REMO (Jacob 2001; Jacob et al. 2001 ) has been applied widely in atmospheric researches. Previous evaluations have highlighted the model performance in terms of the basic features of regional climate over several domains (Jacob et al. 2012; Kumar et al. 2014) , such as the African area (Paeth et al. 2009; Vondou and Haensler 2017) and South America (Solman et al. 2013) . Based on the atmospheric REMO model, the regionally atmosphere-oceancoupled model ROM (REMO-OASIS-MPIOM) has been developed to investigate the regional climate and local processes (Sein et al. 2014; Niederdrenk et al. 2016) .
There have been few applications of REMO and ROM to East Asia, where the ocean conditions, especially in the western North Pacific (WNP), function as sources of both heat and moisture and have substantial impacts on the local and surrounding atmospheric circulation systems (Zhang et al. 2015b; Zu et al. 2019) . The East Asian summer monsoon (EASM) is one of the most typical and important components of the climate in this region and affects nearly one-third of the world's population (Xue et al. 2015; Cai et al. 2017; Fan et al. 2018) . Thus, the EASM, with its complex spatial and temporal structure, has received increasing attention (Yang et al. 2011; Zhang et al. 2015a; Ge et al. 2017; Fan et al. 2019) . As refined numerical simulations of the EASM climatology in global models do not provide satisfactory results, enormous efforts have been made to simulate the EASM using RCMs (Zou and Zhou 2013; Song and Zhou 2014) . It has been shown that atmosphere-ocean feedbacks have a crucial role in regulating the development of the Asian monsoon system . Therefore, the explicit inclusion of the feedbacks between the atmosphere and ocean is necessary in modeling the EASM system and understanding the underlying mechanisms.
In this study, the climate modeling based on the coupled model ROM and its standalone atmospheric component REMO is carried out at a fine resolution of 50 km to identify the characteristics of the REMO model and the impacts of the regional atmosphere-ocean coupling in reproducing the EASM system. The numerical modeling results are compared with several reanalysis datasets for the boreal summer. This paper is structured as follows. The "Datasets and modeling" section describes the datasets and the model design. The "Results" section presents the results of the model validation, including the summer precipitation and a simple EASM index. The main mechanism behind the different modeling results from REMO and ROM is also analyzed in the "Results" section, including the moisture transport, atmospheric circulation at different levels, and sea surface conditions. Finally, the "Conclusions and discussion" section follows subsequently. Kanamitsu et al. 2002 ) with a resolution of 2.5°× 2.5°, which is an improved version of the NCEP Reanalysis I model that fixed errors and updated parameterizations of physical processes. In addition, the Modern-Era Retrospective analysis for Research and Applications Version 2 (MERRA2; Gelaro et al. 2017) , the latest atmospheric reanalysis of the modern satellite era produced by the Global Modeling and Assimilation Office (GMAO) of National Aeronautics and Space Administration (NASA) with the 0.5°× 0.625°resolution, is also employed in the study. Additionally, the Climate Prediction Center Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) enhanced version (with NCEP Reanalysis) and the Global Precipitation Climatology Project (GPCP; Adler et al. 2003) version 2.3 are used as the reference data for precipitation, both on a 2.5°× 2.5°global grid. In this study, all statistical significances are performed for the 95% confidence level using the two-tailed Student's t test.
Model components and setup
The regionally coupled atmosphere-ocean-sea-ice model ROM comprising the atmospheric REgional MOdel (REMO) (Jacob 2001; Jacob et al. 2001) , the Max Planck Institute Ocean Model (MPIOM) (Marsland et al. 2003; Jungclaus et al. 2013) , and the Hydrological Discharge (HD) model (Hagemann and Dümenil 1997; Hagemann and Gates 2001) is applied to reproduce the climatology of the EASM system. In parallel, the standalone atmospheric model REMO is also performed to investigate impacts of the regional atmosphere-ocean coupling.
The ocean model MPIOM is run in a global configuration, with a regionally high horizontal resolution in Southeast Asia. MPIOM is performed with a curvilinear grid with shifted poles located over land to avoid the numerical singularity associated with the convergence of meridians, so that the model can well reach the regionally high resolution and maintain a global domain. It has 40 vertical levels with increasing level thickness from 10 m in upper 70 m to 500 m in the deep ocean. Moreover, the following parameterizations, aiming at subgrid-scale physical processes, are included: the bottom boundary layer slope convection scheme (Marsland et al. 2003) , the isopycnal scheme (Griffies 1998) , the Gent and McWilliams style parameterization (Gent et al. 1995) , and the enhanced vertical diffusion parameterization (Marsland et al. 2003) . The model is initialized with the Polar Science Center Hydrographic Climatology (PHC) temperature and salinity (Steele et al. 2001) and is spun up twice for 45 years with forcing by the ERA-40 Reanalysis (Uppala et al. 2005) . After the ocean spin-up in standalone mode, it is coupled with the REMO model for an additional 45 years . The restart files obtained from this simulation for 31 December 2002 are used as the initial conditions for the ROM spin-up with ERA Interim forcing (an additional 21 years for . Finally, the model state obtained for 31 December 2000 (90 + 45 + 21, i.e., 156 years of spinup for the ocean and 66 years for the atmosphere) is used as the initial conditions for our simulations.
The atmospheric model REMO has a horizontal resolution of 50 km and 27 hybrid vertical levels. The domain mainly covers the WNP and surrounding area, which play crucial rules in the EASM system (Wang et al. 2005) , as shown in Fig. 1 . A rotated grid is applied in the REMO configuration to avoid the largely different extensions of grid cells close to the poles. The dynamic core of the model and the discretization in space and time are based on the Europa Model of the German Weather Service (Majewski 1991) . The physical parameterizations are taken from the GCM ECHAM versions 4 and 5 (Roeckner et al. 1996 (Roeckner et al. , 2003 . REMO's prognostic variables are the surface pressure, horizontal wind components, temperature, water vapor, liquid water, and cloud ice. The horizontal discretization is performed on the Arakawa-C-grid, and the hybrid vertical coordinates are defined according to Simmons and Burridge (1981) . The time discretization is based on the leap frog scheme with semi-implicit correction and Asselin filter smoothing (Asselin 1972) . For the ocean grid points, the sea surface temperature (SST) and sea ice distribution are prescribed as the lower boundary values. In the uncoupled simulations, they are taken from the ERA Interim reanalysis dataset, whereas from the MPIOM model in the coupled mode. The initial conditions for the REMO model are the state obtained from the 66-year ROM spin-up (see above). The lateral boundary forcing is obtained from the ERA Interim reanalysis for both the standalone and coupled cases.
The terrestrial hydrology model HD is run over the whole globe with constant 0.5°resolution to simulate the lateral fluxes of freshwater at the land surface. In the model, the total lateral water outflow from a grid box contains three flow processes: overland flow, base flow, and river flow. Detailed information can be found in previous model (Hagemann and Gates 2001) .
The coupling is carried out via the Ocean Atmosphere Sea Ice Soil Version 3 (OASIS3) coupler developed by the European Centre for Research and Advanced Training in Scientific Computation (CERFACS; Valcke et al. 2003) with an interval of 3 h. Under the OASIS3 framework, REMO obtains the lower boundary conditions over the sea and sea ice surfaces from the ocean model MPIOM, and provides MPIOM with the atmospheric momentum and the heat and water fluxes. Further details about the model coupling have been reported by Sein et al. (2015) . Figure 2 presents the spatial distributions of summer precipitation averaged over 1981-2012 extracted from the observations and the models, with their differences shown in Fig. 3 . The observations ( Fig. 2a, d ) are characterized by high precipitation from the Bay of Bengal (BOB) to the Indochina Peninsula (ICP). A clear rain band is seen over the nearequatorial western Pacific, where the ERA Interim and CMAP datasets indicate higher precipitation than the GPCP and MERRA2 datasets.
Results

Simulations of summer precipitation
The coupled model ROM simulation captures the distribution of rainfall well, especially for the center over the BOB and ICP (Fig. 2e ). The pattern correlation coefficients (PCCs) between the ROM precipitation and the ERA Interim, CMAP, GPCP, and MERRA2 observations are 0.70, 0.55, 0.67, and 0.55, respectively, all passing the 0.01 significance level. Most biases of the ROM simulation over the continental area are not significant according to Student's t test ( Fig. 3a, d) . The main deficiency occurs over the near-equatorial western Pacific east of the Philippines, with underestimations of precipitation. Fig. 1 Model grid configuration taken from Sein et al. (2015) . The red rectangle denotes the coupled domain. The black lines are the ocean model grid (only every 12th grid line is shown). The air-sea fluxes are coupled over the western North Pacific and surrounding area, which play crucial rules in the East Asian summer monsoon system The precipitation simulated by the standalone atmospheric model REMO is characterized by similar patterns to the observations ( Fig. 2f) , with PCCs of 0.73, 0.63, 0.59, and 0.60 for the ERA Interim, CMAP, GPCP, and MERRA2 datasets, respectively, passing the 0.01 significance level. These are slightly higher than the ROM results, except for the GPCP observation. For the continental areas, REMO produces dry biases over the northern part of East Asia (e.g., the Chinese mainland), but has clear wet biases over the ICP (Fig. 3e, h) . In contrast with the underestimated precipitation over the WNP Fig. 3 Spatial distributions of the differences in summer daily precipitation (shading, unit In general, both models represent the distribution patterns of the observed summer precipitation over the study area. The coupled ROM simulation reproduces the summer precipitation well, especially over most parts of the continent, but underestimates the precipitation over the ocean. By contrast, the standalone REMO simulation features weaker precipitation over the north East Asia, but higher over the near-equatorial area including the BOB, ICP, and the western Pacific.
Simulations of the EASM
To reveal the model capability to simulate the intensity and variation of the EASM, the EASM index proposed by Wang and Fan (1999;  the W-F index hereafter) is calculated in this section. This index is defined by the shear vorticity of the zonal winds:
where U 850 hPa is the u-component of the horizontal wind velocity at 850 hPa. It mainly reflects the two key elements of the EASM circulation system, that is, the WNP monsoon and the subtropical high. Figure 4 shows the W-F monsoon indices derived from the observations and model simulations. The results from ROM and REMO simulations both reproduce the pronounced interannual variability of the EASM well. The ROM-simulated indices closely resemble those from the observations, but with slightly lower values, whereas the REMO results are characterized by noticeably higher values and larger biases, especially during the 1980s and the early twenty-first century. The temporal correlation coefficients between the index series derived from the ROM simulation and the observations are all about 0.77, whereas the REMO simulation has a lower correlation coefficient of 0.65, passing the 0.01 significance level. The results, therefore, suggest that the coupled model ROM performs better in simulating the EASM intensity than the standalone atmospheric model REMO.
3.3 Main mechanisms controlling the differences in EASM modeling of ROM and REMO
Tropospheric moisture transport
The moisture transport plays an essential role in the EASM system, determining the summer precipitation and influencing both the location and intensity of the monsoon. Figure 5 shows the observed and simulated summer mean tropospheric vertically integrated moisture fluxes and their corresponding divergences averaged over 1980-2012. According to the observations (Fig. 5a, c) , there are three typical water vapor sources supplying the East Asian continent, which have also been identified in many studies (Zhu et al. 1986; Ninomiya 1999) : Starting from the west, the first is the result of westerly moisture fluxes impacted by the South Asian summer monsoon (SASM), which brings abundant moisture from the BOB, ICP, and the South China Sea into the East Asian continent. The second source mainly comes from southerly moisture fluxes due to cross equatorial flows. The third source is supplied by moisture fluxes over the western Pacific, which can be ascribed to the western Pacific subtropical high (WPSH). The convergence of the three water vapor transport paths lies over a band from southern china to Japan (the brown box in Fig. 5 ) and extends northeastwards, contributing to the high levels of precipitation alongside these areas.
The ROM model reproduces the moisture pathways and their convergence (Fig. 5d ). Compared with the observations, the simulated water vapor fluxes converge with a slightly higher magnitude over some parts of southern and eastern China. By contrast, the lower moisture convergence characterizes the near-equatorial western Pacific. As a result, ROM reproduces the precipitation over the continental area, but with dry biases to the east of the Philippines (Fig. 2e ).
In the REMO simulation (Fig. 5e ), the southwesterly moisture fluxes from the Indian Ocean associated with the SASM are enhanced relative to the observations, which generates significant wet biases over the BOB and ICP. The southwesterly moisture stretches continuously too far to the east toward the WNP. The simulated water vapor transport heading to the East Asian continent is not as evident as in the observations and the ROM simulation. Correspondingly, the moisture convergence in the REMO model is decreased over the northern part of East Asia, where the rainfall is subsequently underestimated (Fig. 3e, h) . The water vapor flows converge over the mid-WNP near 135°E, leading to wet biases over the western Pacific. Fig. 4 Time series of the summer mean East Asian summer monsoon (EASM) Wang and Fan (W-F) indices derived from ERA Interim, NCEP II, MERRA2, ROM, and REMO, which are marked by green, turquoise, purple, blue, and red solid lines, respectively, for the time period 1980-After the regional atmosphere-ocean coupling, the extension of water vapor transport related to the SASM, which is exaggerated in the REMO simulation, is no longer seen. The enhanced moisture convergence over the East Asian continent is remarkable in the ROM results, and resembles the observations in terms of both location and intensity. The representative simulated water vapor transport over the whole WNP makes a large contribution to the improvements in simulating summer rainfall over the East Asian continent by the ROM model.
Atmospheric circulation
Considering that moisture conditions are mainly dominated by the lower atmosphere, the low-level winds and moisture at 850 hPa are examined in the simulations (Fig. 6) . The observed summer mean wind fields (Fig. 6a, c) are characterized by similar features to the moisture transport: the westerlies related to the SASM; the cross-equatorial flows over the maritime continent; and the anticyclonic circulation over the WNP. Flows from the equator move northward through 15°N and converge at about 120°E, leading to the northward monsoon flow along the western edge of the WPSH (brown box in Fig. 6 ). In the REMO simulation (Fig. 6e) , the lowlevel westerlies related to the SASM are excessively strong and shift too far east towards the WNP compared with the observations. Correspondingly, the simulated anticyclone over the WNP at 850 hPa is weak and also retreats eastward. The simulated moisture transport follows the spatial low-level wind patterns. Similar patterns to those in the REMO simulation also occur in simulations performed by many models under the Coupled Model Inter-comparison Project Phase 5 (CMIP5) and several RCMs (Song and Zhou 2014; . By contrast, the observed low-level features are captured well by the coupled ROM model (Fig. 6d ). The coupling reduces the westerlies associated with the SASM, which, in the standalone REMO simulation, are located too far east. The simulated low-level southwesterly winds over the East Asian continent become evident, as well as the stronger WNP anticyclone relative to the REMO simulation. The low-level northward monsoon flow along the western edge of WPSH is therefore represented better by the coupled model ROM. Figure 6 also shows the distributions of the summer mean specific humidity at the low level derived from the observations and model simulations. The ROM simulation produces a drier lower troposphere over the WNP compared with the ERA Interim dataset, but the simulated moisture pattern resembles the other two observational datasets (NCEP II and MERRA2) well. By contrast, the REMO simulation generates wet biases over most areas, especially from the southern BOB to the eastern Philippines. It indicates that, over this area, the regional atmosphere-ocean coupling reduces the simulated lower tropospheric water vapor content. As a consequence, the representative simulation of the moisture transport over East Asia in ROM mainly results from adjustments of both the weaker low-level westerlies and drier lower troposphere compared with the REMO model.
For higher levels above 400 hPa, the South Asia high (SAH) dominates the Tibetan Plateau and its surroundings, being strongest and steadiest between 150 and 100 hPa. The SAH center in the upper troposphere and the nearby circulation have great impacts on the EASM, together with the atmospheric movements at 850 hPa (Liu et al. 2013) . The difference in zonal winds between 850 and 200 hPa is often used to identify the north-south land-sea thermal contrast and to recognize the monsoon intensity (Webster and Yang 1992) , which is presented together with the wind fields at 200 hPa in Fig. 7 . Both the ROM and REMO simulations reproduce the high-level circulations satisfactorily, particularly the SAH. The PCCs of zonal winds between the simulations and observations are all greater than 0.99, passing the 0.01 significance level. However, as a result of the stronger 850 hPa westerlies over East Asia in REMO (Fig. 6e) , the regions with positive vertical zonal shears cover a larger area over the WNP (expanding eastward to almost 150°E; Fig. 7e ) than in the observations and ROM simulations, which conforms the stronger EASM by REMO (Fig. 4) .
In addition to the circulations at low and high levels, the WPSH at 500 hPa also substantially influences the summer monsoon system over East Asia, which is assessed as follows (contours in Fig. 8) . The pattern and intensity of the WPSH are reproduced by both the ROM and REMO models. The ROM simulation also resembles the observed western edge of the WPSH represented by the 5880 gpm line, located in the area of 20°-30°N, 135°-140°E. However, the position is shifted eastwards to about 150°E by the REMO simulation. The PCCs of the geopotential height at 500 hPa are 0.98, 0.99, and 0.97 between the ROM simulation and the observations of ERA Interim, NCEP II, and MERRA2, respectively, which are of similar magnitude to those for the REMO results (0.97, 0.97, and 0.95), all passing the 0.01 significance level. It is suggested that both REMO and ROM can represent the midlevel geopotential height well, whereas ROM is more skillful especially for the WPSH simulation, although the improvement is not as pronounced as that at low levels.
Sea surface conditions
According to the above analysis, the superiority of the ROM simulation to the REMO results is increasingly representative as the level decreases. To a great extent, the explicit difference between the two simulations stems from their respective sea surface conditions, which affect the simulated atmospheric circulation and the related moisture transport. The spatial distributions of summer mean sea level pressures (SLPs) and SSTs show the following features. The SLPs of the coupled model ROM (Fig. 8d) are comparable with the reanalysis datasets (Fig. 8a, c) , whereas the REMO simulation (Fig. 8e) shows lower values than the observations and ROM simulations, leading to the lower geopotential height in the midtroposphere (Fig. 8e ) and the eastward shift of the westerlies (Fig. 6e ). The distribution of SST differences between the ROM and REMO simulations is characterized by negative values over most of the WNP (Fig. 9) , especially to the north of 20°N, representing lower SSTs in the ROM simulation, which is associated with the enhanced atmosphere-ocean mixing from the intensified low-level wind (Fig. 10 ) over the subtropical WNP (Cha et al. 2016) . Correspondingly, an anomalous lowlevel anticyclone is generated in the WNP, located near southern Japan, which strengthens the simulated WPSH and weakens the low-level westerlies related to the SASM in the ROM simulation. In addition, the lower SSTs simulated by the ROM model reduce evaporation from the sea surface, leading to a drier lower troposphere over the WNP (Fig. 6d) .
The improvement in the large-scale atmospheric circulations in the ROM simulation, particularly in the lower troposphere, is triggered by air-sea flux exchanges between the atmospheric and ocean models and represents a better consistency with the atmospheric conditions (Cabos et al. 2017 ). However, the atmosphere-ocean feedback is absent in the REMO simulation. With the prescribed sea surface conditions, the heat and moisture are provided continuously to the atmosphere, which induces relatively lower SLPs over the WNP (Fig. 8e ) in the REMO simulation.
Conclusions and discussion
Previous studies have emphasized added values of the atmosphere-ocean coupling in many cases of climate modeling. However, there has been only a limited number of applications of the air-sea coupling to the regional climate modeling over East Asia. With the aim of studying the added effects of regional atmosphere-ocean coupling, the standalone atmospheric model REMO is compared with the coupled model ROM in simulating the East Asian summer monsoon (EASM) for the time period 1980-2012. In the ROM simulation, the boundary layers of atmosphere (REMO) and ocean (MPIOM) interact by exchanging momentum, heat, and water fluxes through the OASIS3 coupler. The two models are evaluated in terms of their ability to simulate the EASM, including the moisture transport, the atmospheric circulation, and the sea surface condition. The results are briefly summarized in Table 1 and elaborated as follows. With respect to the sea surface boundary layer, the ROM simulations are characterized by lower SSTs than the REMO results, which is due to mutual flux exchanges between the atmosphere and ocean from the intensified low-level winds over the subtropical WNP in the coupled model. As a consequence, an anomalous anticyclonic SLP is generated over the WNP, resulting in a more realistic distribution of SLP compared with the REMO simulation. The anomalous low-level anticyclone in the ROM simulation strengthens the WPSH and weakens the eastward-shifted low-level westerlies, improving the simulation of the low-and mid-level atmospheric circulations. Moreover, ROM produces less evaporation over the ocean due to the lower SSTs, inducing a drier lowlevel troposphere than the REMO simulation. By contrast, the higher SSTs in the REMO simulation with the prescribed sea surface conditions lead to a stronger SASMassociated low-level westerlies and an eastward shift of the WPSH, as well as a too wet low-level troposphere.
Concerning the regional climate model REMO, it has been shown that the model resolution greatly influences the simulation results . The higher horizontal resolution could bring about additional fine-scale weather processes in the REMO modeling over East Asia, particularly over areas with complex terrains (Xu et al. 2019 ). However, the standalone REMO model shows glaring deficiencies in simulating the EASM circulation owing to the inconsistencies at the air-sea interface, which need to be noted in climatology studies using this regional climate model in the atmosphereonly mode. Introducing atmosphere-ocean coupling effectively enhances the consistent interaction between the atmosphere Represented over East Asia and the WNP ocean via cooling of the sea surface in the coupled ROM model, which, therefore, becomes a more skillful tool to reproduce the EASM system. In fact, previous experiments have also revealed the effective improvements in simulating the Asian monsoon system and its variability by regional air-sea coupling as a result of bias compensations (Singh et al. 2015; Yang et al. 2019) . Enhancement of the air-sea interactions contributes to a substantially improved reproduction of the largescale climate characteristics in domains where atmospheric and oceanic factors are highly relevant (Lin et al. 2019) . Further investigations on the dynamics with higher resolutions in the atmosphere and ocean models are essential to better understand the regional processes and the large-scale drivers of the regional climate.
